Herein we demonstrate a facile system with highly enhanced surface enhanced Raman spectroscopy of graphene (G-SERS). The system consists of a reduced graphene oxide (rGO) sandwiched by silver and gold nanostructures. Due to the ultrasmall thickness of rGO, the inter-coupling between Ag and Au nanoparticles is precisely controlled and the local field enhancement has been improved to more than 70 times. Associated with the unique chemical mechanism of rGO, the hybrid system has been utilized to identify tumor cells without using any biomarkers. We believe this research will be important for the applications of rGO in cancer screening.
. In addition to the improved coupling of LSPs, graphene has also been used to enhance SERS via CM due to the high affinity of probe molecules to graphene layer. Because of its smooth surface and atomic thickness with excellent optical transmission, graphene has been well accepted as a novel material for SERS substrate [10] [11] [12] , and has been widely applied in molecular selectivity 13, 14 , dye molecule detection, labeled tumor cell detection [3] [4] [5] 15 , biosensing 16 et al. Among the graphene family, reduced graphene oxide (rGO) is more attractive in bio-compatibility due to its imperfect hexagonal lattice of carbon atoms and sufficient active oxygen sites, which can notably enhance the binding between graphene and target molecule 17, 18 . The enhancement factor of CM is usually as high as at the order of tens. Therefore, applying rGO in LSPs as G-SERS can not only increase the EM but also bring nice bio-compatibility for CM 19 . Therefore, the improved SERS signals can provide a potential way to rapidly detect and identify tag-free tumor cells in low concentration.
In this research, we numerically propose and experimentally fabricate a hybrid system by sandwiching a monolayer rGO between metallic nanostructures. The monolayer rGO can precisely control the separation between Ag and Au nanostructures, and dramatically enhance the intensities of hot spots via strong intercoupling of localized surface plasmons in both Ag and Au. As a result, the sensitivity of rGO Raman scattering has been promoted Scientific RepoRts | 6:25134 | DOI: 10.1038/srep25134 over 70 times. Meanwhile, taking the advantage of CM enhancement from the rGO layer, the sensitivity of this hybrid system can be further improved and thus can be utilized to identify tumor cell from normal cell.
Results
Structural information. The structure sandwiching rGO between Ag and Au nanostructures (Ag@ rGO@Au) is designed and the schematic is shown in Fig. 1 (see the detail fabrication process in Supporting Information). The rGO is obtained using a modified Hummers' method based on chemistry exfoliated technique 20, 21 . The thickness of the single GO layer is ~1 nm as demonstrated by the atomic force microscopy (AFM) image in Fig. S1 
22
. The Au nanostructure layers are deposited on the silicon slide (Au@Si) by electron-beam evaporator with series of thicknesses and the deposition rate of 0.5 A s −1 . Then the GO solution with concentration of ~6 mg mL −1 is spin-coated on the as-prepared substrate of Au@Si, followed by high-temperature annealing in argon gas to obtain rGO (named as rGO@Au). The Ag nanostructure layer is finally deposited on the substrate of rGO@Au using electron-beam evaporator with a detective thickness of 3 nm. The obtained sample is named as Ag@rGO@Au in this research.
Graphene SERS in plasmonic coupling system. The SEM image of the deposited Au nanostructures on Si substrate is shown in Fig. 2a , where nanocluster morphology on the scale of tens of nanometer can be clearly seen. The Au nanoclusters can excite LSPs and create electromagnetic hot-spots on the surface, which will effectively promote the interaction between light and rGO, to enhance the Raman scattering. The Raman spectra were collected using excitation wavelength of 514.5 nm, and the signal enhancement factor is calculated by comparing the Raman intensity of rGO on the Au nanostructure with that on the blank Si substrate. In Fig. 2d , the two most intensive features associated with rGO, the D peak (~1350 cm −1 ) and G peak (~1580 cm −1 ) are observed, with other two relatively weak peaks corresponding to 2D and 2 G band (~2700 and 2980 cm −1 respectively) in accordance with other works 23, 24 . The Raman peak intensity of rGO@Au can reach over ~7 times higher than that of rGO directly on Si slide. This enhancement is higher than that of graphene@Ag NPs 2 . To achieve the optimal Raman enhancement of rGO, rGO@Au samples are prepared with various Au thicknesses and the corresponding SEM images are shown in Fig. S2 . The images show the same nanoclusters morphology with different metal coverage and domain sizes depending on the detective thickness of Au. The UV-vis spectra of Au nanostructure films with different thicknesses are presented in Fig. S3 . It can be seen that the reflection value at long wavelength range increases with the increase of Au thickness, indicating more and more metal component exist. Particularly, the Raman signals first rise as the thickness of Au increases and reach maximum at thickness of 3 nm, after which an obvious decline of Raman signals is observed by further increasing the thickness of Au film. The changing trend of Raman signals is consistent with previous studies, indicating that 3 nm is the percolation threshold with existence of largest interconnected nanoclusters and very few individual grains. Near the percolation threshold, the largest average near-field enhancement (hot-spot) can be obtained. Similar study is also performed for Ag@rGO sample with rGO covered by Ag nanostructure layers with different thicknesses. The highest enhancement factor defined as I'/I 0 is obtained for Ag layer with thickness of 3 nm with a value of 10 as shown in green dashed line in Fig. 2e , with I' and I 0 denoted as the Raman signal intensity with and without Ag film on top of rGO, respectively 2 . We further extend our research for a sandwich structure of Ag@rGO@Au to realize coupling between two localized fields to achieve even higher hot spot for Raman enhancement. Ag nanostructures are evaporated on top of the rGO@Au with a detective thickness of 3 nm (Fig. 2b ) to obtain sandwiched structures of Ag@rGO@ Au. The uniform distribution of Ag, Au and rGO are indicated by performed EDX imaging shown in Fig. 2c . The highly dispersive and uniform of the elements distribution indicates formation of the Ag@rGO@Au sandwiched structure. As shown in Fig. 2e , the D and G peaks of Ag@rGO@Au show greater enhancement than those in rGO@Au. Moreover, the trend of the Raman enhancement is also in agreement with that of rGO@Au, with 3 nm critical thickness for Au nanostructures to obtain maximum Raman signals. The reflection spectra of Ag@rGO@ Au samples with different Au thicknesses are plotted in Fig. S4 . There are strong reflection peaks covering from 475 nm to 600 nm compared to the spectra for Au@Si in Fig. S3 and Ag@rGO@Si. The reflection peaks result from the coupling of LSPs from Au and Ag nanostructures. Consequently, the coupling system of two LSPS will further enhance the interaction of light with rGO resulting in promoted G-SERS and the enhancement factor is as large as 70.
Discussion
Mechanism of G-SERS. Although there are many factors to show important effect on G-SERS, such as defects of graphene, environments, and absorbed gas molecules based on CM, EM is main factor to improve G-SERS in our hybrid system. Therefore, for deep insight into the EM effect on the G-SERS, we use a physical tool, COMSOL Multiphysics (see details in Materials and Methods in Supporting Information), to numerically investigate the corresponding enhancements of electric fields by measuring the average vale of |E/E 0 | 4 (proportional to measured Raman signals) exactly on the rGO surface, where E and E 0 are the averaged electric field with structure and incident light, respectively. The simulated structures are directly imported from the recorded SEM images of Ag and Au nanostructures with thickness of 3 nm with area of 100 × 100 nm 2 . The optical properties of Ag and Au are described by Drude model as previously reported 25, 26 . As shown in Fig. 3a , the numerical calculation shows that Au nanostructures can efficiently convert the incident light into localized surface plasmon and form hot spots on the surface. The calculated enhancement factors are shown as black squares in Fig. 3e . While the exact values are slightly different from measured values, their trends are very similar and a critical enhancement exists at the thickness of 3 nm. The Ag nanostructures with much larger grain size of nanocluster show similar local field enhancement effect as Au in Fig. 3b , with a much higher enhancement factor than Au nanostructures.
To understand the influence of the interaction between hot spots in Au and Ag layers, we build a model of two Ag particles (gap of 10 nm, radius of 20 nm by simplifying the nanostructures from SEM image in Fig. 2b ) and study the corresponding effects on local field enhancement (|E/E 0 | 4 ), as shown in Fig. 3c,d . The size and gap of the Ag bi-nanoparticles is optimized to obtain comparable enhancement factor to that for Ag nanostructure directly imported from SEM image. The average intensity of near-field can also be effectively enhanced to tens of times by the Ag bi-nanoparticles (Fig. 3c) . Then the bi-nanoparticles are addressed close to the Au film and the gap distance between Ag nanoparticles and Au layers is set at 1 nm corresponding to thickness of monolayer rGO measured by AFM. Compared with the enhancements with bi-nanoparticles and Au nanostructures, the near-field has been dramatically enhanced and hot spots have been formed in Fig. 3d . The detailed enhancement factor has been plotted as black dots in Fig. 3f . It can be seen that the coupling of surface plasmons of Ag and Au nanostructures can further improve the intensity of hot spots by more than an order of magnitude in agreement with the multiple of enhancements by every single surface plasmon. Besides, the trend of enhancement factor indicates that the localized field enhancement can be optimized by adjusting the gap between particles, while improved EM effects can be obtained by optimization of the detective thickness.
RGO is a novel material developed for biotechnological applications due to its good bio-compatibility and chemical interaction with the target molecules [27] [28] [29] [30] [31] [32] [33] . In order to find out whether the Ag@rGO@Au based SERS Once the labeled tumor cells are placed onto the Ag@rGO@Au substrate, significant differences in Raman spectra can be observed surprisingly, which could be the direct evidence for tumor cells. In addition to the increases in intensities, widths and shapes of D and G peaks have also varied compared to corresponding peaks for Ag@rGO@ Au. Especially for D peak, an obvious wavenumber shift of 25 cm −1 as well as spectral narrowing are observed. The distortion in characteristic peaks of graphene indicates the chemical interaction between rGO and tumor cells and affects the Femi level of graphene indicated in Raman spectra 34 . Moreover, additional satellite peaks around 1200 and 1500 cm −1 appear in the Raman spectra corresponding to the structural information of tumor cells shown in Fig. S5 35,36 . However, the photoluminescence of GFP, locating in range from 511 to 527 nm 37, 38 , is also enhanced by hot spots raised by Au and Ag nanostructures, which covers a lot of structural information of cells for more sensitive detection. Since the process of label in GFP is complex and high-cost, it is thus interesting to explore the possibility of tag-free detection of tumor cells using this sandwich system of Ag@rGO@Au substrate exhibits coexistence of strong EM and CM enhancements. Herein, the tumor cells without GFP label and the normal cells as reference are located on the Ag@rGO@Au substrate in the photograph (inset of Fig. S6 ) and the conventional Raman spectra are obtained in Figs 4c and S6. The Raman spectrum of tumor cells on the Ag@rGO@Au (7402@Ag@rGO@Au) is dramatically different from both spectra of normal cells on the same substrate (202@Ag@rGO@Au) and the substrate (Ag@rGO@Au). The distortions of characteristic peaks (such as D, G, 2D and 2 G peaks) of graphene can be obtained even with 100 times lower concentrate and 10 times lower incident power as shown in in Fig. S6 . Obvious satellite peaks around 1240, 1450, 1500 and 3060 cm −1 assigned to tumor cells can also be clearly observed in the sample of 7402@Ag@rGO@Au 3, 18, 35, 36 . These results indicate that the Raman differences can be used to direct and fast identification for tag-free tumor cells. In this sense, the rGO could be regarded as roles of both substrate and bio-tags for detection and identification of tumor cells, providing the possibility to reduce the complex modification and cost for labeled tumor cells. Consequently, The G-SERS substrate of Ag@rGO@Au could be a good candidate for tag-free detection and identification of tumor cells simultaneously contributes to improvement of sensitivity and the discovery of the characteristic peaks of tumor cells by both of EM and CM.
In summary, we have designed and fabricated a G-SERS system based on Ag@rGO@Au sandwich structure, and an enhancement factor as high as 70 for rGO Raman signals has been obtained. The Ag@rGO@Au system has strong EM enhancement from coupling of LSPs by Ag and Au nanostructures, and GFP-labeled tumor cells could be detected on the Ag@rGO@Au based G-SERS substrate according to the enhancement and distortion of D and G peaks of graphene. Most importantly, the Ag@rGO@Au system also obtains strong CM enhancement from charge transfer between rGO and nearby target molecules. As a result, sensitive molecules information can be obtained, and tag-free tumor cells and normal cells could be distinguished clearly by Raman variation of characteristic peaks owing to the interaction with rGO which is located on the substrate of Ag@rGO@Au. In total, the G-SERS substrate of Ag@rGO@Au shows good potential as an efficient tool for rapid detection and identification of tag-free tumor cells.
Methods
Fabrication of Au@Si, rGO@Au and Ag@rGO@Au. Silicon wafers were firstly washed n deionized water, acetone, and isopropyl alcohol by sonication each for 15 min and then blow-dried by clear dry air (CDA). Au (99.999%, ZhongNuo Advanced Material (Beijing) Technology Co., Ltd) was deposited on the silicon wafers by E-beam evaporator (Syskey Co., Ltd) at 0.5 A s −1 in different time to obtain Au films with various detective thicknesses (1 nm, 3 nm, 5 nm and 10 nm). The as-prepared sample was named as Au@Si. The fabrication process of rGO film on Au@Si (named as rGO@Au) is as follows. Firstly, graphene oxide (GO) was prepared by a modified Hummers' method as described in previous works [20] [21] [22] . Then the GO powder was suspended in deionized water by ultrasonication, resulting GO concentration of ~6.25 mg·mL −1 . The substrates for graphene films were prepared using ~8 × 10 mm square Au@Si slides. Reproducible and uniform graphene films can be prepared by a spin-coating method. Typically, the substrate was completely covered with sufficient amount of the GO solution, and spin-coated at 500 rpm for 10 s followed by 2000 rpm for 30 s. The spin-coated GO films were heated in a quartz tube furnace under a continuous Ar flow as protective gas with a heating procedure as follows. Firstly the GO films were heated up to 300 °C at a rate of 5 °C·min
, then to 950 °C at a rate of 20 °C·min −1 and maintained at 950 °C for 0.5 h, and finally cooled down to room temperature to obtain reduced graphene oxide (rGO) films. The as-prepared sample was named as rGO@Au. Ag (99.999%, ZhongNuo Advanced Material (Beijing) Technology Co., Ltd) nanoparticle film with a thickness of 3 nm was deposited on the rGO@Au wafers by E-beam evaporation at a certain rate of 1 A s −1 . The as-prepared sample was named as Ag@rGO@Au.
Raman spectrum, scan electron microscopy (SEM) and EDX mapping analysis. Raman spectrum was obtained on Renishaw micro-Raman spectroscopy system using visible excitation laser at 514.5 nm, 20 mW. The rGO on the surface was recognized according to the contrast to the substrate in the optical microscope. SEM images and EDX mapping of the samples were obtained on a field emission scanning electron microscope (S4700, Hitachi) with an accelerating voltage of 5 kV and eLINE Plus (Raith nanofabrication) with an accelerating voltage of 10 kV. By using different instruments to monitor the morphologies of Au nanostructures in different places, the Au nanostructures with detective thicknesses of 1 nm, 3 nm, 5 nm, and 10 nm, are almost in the same morphology correspondingly, indicating that the Au nanostructures could be fabricated uniformly in large area and it is conveniently suitable for application in large area.
Atomic force microscopy (AFM) analysis. Samples for AFM analysis were prepared by spin-coating GO aqueous dispersion (0.25 mg mL
) onto a freshly cleaved mica surface (500 rpm for 20 s followed by 2000 rpm for 30 s) and drying in air. Typical tapping-mode AFM measurements were conducted on Dimension Icon (Bruker Co. Ltd). The average size of the GO sheets is in the range of tens of μ m and the height difference between the steps is ~1 nm, corresponding to a typical thickness of an individual GO sheet 22 .
Reflection spectra. The spectra of samples were obtained in a typical home-made optical path. The reflectance was calculated based on the reference sample of Ag with thickness of 100 nm, deposited on Si via evaporation in electron-beam at the rate of 0.5 A s Numerical calculation for localized electric field. Firstly, the SEM image in Fig. S2 was cut into a fixed size of 100 × 100 nm 2 and promoted the contrast between the metal nanoparticles and Si substrate. Then, the prepared image was imported into commercial numeric calculation software (COMSOL Multiphysics). Optical properties of materials and air were defined according to the contrast, and perfect magnetic conductor and perfect electric conductor were used to describe the loss-free boundaries. Transition boundary condition was used to model the thickness of the nanostructure. Electric field distribution on the surface materials was calculated under incident of 514 nm. The near-field enhancement was defined according to average of |E/E 0 | 4 under a distance of 10 nm between the detective plane and surface of imported image, in which E 0 is the electric field in the non-structure and E is the electric field in the structure. We define the property of Ag at the wavelength of 514.5 nm by the permittivity of − 100 + 2*i. In the calculation, the Drude model is employed to describe the optical property of Au in our previous work 25 . Because the Drude modal can't perfect express the optical properties of gold when the size comes down to nanoscale, the model has its limitations in giving a comprehensive explanation of the measurement data. However, it will provide certain degree of insights into the experimental observation, showing that the localized field enhancement can be optimized by adjusting the gap between particles. The description of Drude model is in the following equation (1), where ω p = 1.3699 × 10 16 Hz, and r = 1.0644 × One kind of tumor cell is labeled with green florescent protein (GFP) during cell culture which is firstly used for detection and the other label-free cells are investigated for identification. The process of experiment is detailed as follow. Firstly, cell culture fluid was removed and washed away once by pancreatic enzymes followed by deionized water for three times. Then, the cells were processed by pancreatic enzymes for cells desorption from sample bottles and resolved in deionized water (40 mL) to form cell solution. Syringe needle was used to move the cell solution to target substrate and dried by blower at low temperature.
